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ABSTRACT
Western manufacturing companies are developing innovative ways of delivering value that
competes with the low cost paradigm. One such strategy is to deliver not only products, but systems
that are closely aligned with the customer value proposition. These systems are comprised of
integrated products and services, and are referred to as Product-Service Systems (PSS). A key
challenge in PSS is supporting the design activity. In one sense, PSS design is a further extension of
concurrent engineering that requires front-end input from the additional downstream sources of
product service and maintenance. However, simply developing products and service packages is not
sufficient: the new design challenge is the integrated system. This paper describes the development
of a PSS data structure that can support this integrated design activity. The data structure is
implemented in a knowledge base using the Protégé knowledge base editor.
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1. INTRODUCTION
The developing product-service-systems (PSS)
paradigm focuses on the combination of products
and services to deliver customer value. There are
relatively few studies or proposals on the impact of
a PSS sales strategy on the product and service
design strategy. It is the assertion of this paper that
it is not sufficient to simply design products and add
service: system level design is necessary. A system
level design concept has been proposed previously
in the literature (Aurich et al., 2006, Aurich et al.,
2004), and will be described in the following
section. A particular strength of Product lifecycle
management (PLM) systems is the capability to
search for and retrieve previously applied product
development knowledge. In order to support a
system level design methodology with knowledge
of previous projects using PLM, a knowledge
structure is required. PLM tools are positioned by
vendors as being capable of supporting life cycle
design. However, existing PLM models do not
contribute well to the system design paradigm since
they remain largely product focused. A system view
of design is required for adoption within PLM
systems to support PSS design.
This paper will describe the current status of PSS
research. PLM research will also be introduced. A
proposal for a system level concept for supporting
PSS design and design knowledge reuse will then
be introduced. Two previous research projects
contributing to these proposals will be described.
These projects represent proposals for a
manufacturing knowledge base structure a service
knowledge framework. The future research agenda
will then be outlined, including the need for further
verification of the system level concept through
case studies and a methodology to translate a multi-
perspective system focused knowledge base into a
PLM system structure.
2. PSS DESIGN RESEARCH
Baines et al discuss the state of the art in PSS,
stating that a PSS is “an integrated product and
service offering that delivers value in use”. They
describe three PSS models: product-oriented
(product plus additional services), use-oriented
(leasing model), and result-oriented (selling the
result or capability, not the product itself). The
result oriented model is most closely aligned with
the features of a PSS. Various PSS case studies are
described, including fixed price printing from Xerox
and a pay per wash laundrette system from
Electrolux. They suggest that a successful PSS
needs to be designed at the systemic level, from a
client perspective. Organisational structures of PSS
providers are also likely to change to support PSS
delivery. They conclude that there is little guidance
for manufacturers in PSS design and delivery
(Baines et al., 2008).
Tukker and Tischner discuss the progression of
PSS as a research field. They suggest that the PSS
concept rests on two pillars: functionality is a
starting point of business development; and the
mode of fulfilment of that functionality is newly
considered. New business models are therefore a
key element of the PSS concept. Whilst PSS began
firmly in the sustainability arena, it is recognised
that PSS is not inherently more sustainable. The
PSS model can provide an advantage to providers,
by moving them up the value chain and forming
unique relationships. With either objective, careful
design of the PSS is required (Tukker & Tischner
2006).
Aurich at al developed an approach to life cycle
oriented technical service design (Aurich et al.,
2004), which was later modified to incorporate PSS
concepts (Aurich et al., 2006). The basic premise is
to apply a systematic approach to product and
service design, from an integrated perspective. They
suggest an integrated process model that applies
processes from a library, which is driven by state
changes in the developing system. They conclude
that the systematic exchange of design information
between design activities can improve the design of
integrated solutions. Their proposals do not indicate
how knowledge and information from product
service offerings can be structured for design
management and reuse.
The creation of generic PSS design
methodologies is not generally accepted to offer
benefit to PSS design, however there are a variety
available in the literature to date. Tukker and Mont
suggest that this emerging variety is in conflict with
the potential for a generic methodology. They
suggest that “certain generic principles will always
be valid…” going on to suggest that “each company
has to work out its own practical approach”. They
emphasise the need to focus on the system
perspective in PSS design (Mont & Tukker 2006).
Morelli emphasises the shift in production
strategies from product delivery to the provision of
knowledge intensive systemic solutions (Morelli
2002). The lack of design research in PSS is noted,
particularly with regard to translating emerging
cultural and social patterns to viable PSS business
models. Traditionally, design has been focused on
the technical definition of artefacts. In this
traditional model, the technical knowledge of the
designer combines with knowledge of the
production and consumption system they are
projecting into. In PSS design, the designer must
consider a much broader scope, including
understanding user needs and patterns in a PSS
model; conceptualising and representing PSS; and
managing the design activity. PSS design must also
make reference to the attitudes of user groups in
their acceptance of these developing technological
systems. Improved PSS service representations are
required, and may be adapted from existing
information system representation tools such as
UML use cases or IDEF diagrams.
Sakao and Shimomura describe service
engineering in the context of eco-design for
combined product and service offerings. They
propose a method to model and design services
through a tool called service explorer. They also
provide a design methodology, suggesting that
artefacts (either contents or channels), having their
own functions, behaviours and states, can be
designed using existing CAD (computer aided
design) systems and methodologies. Service
engineering is an additional discipline introduced
with the aim of increasing the value of artefacts
though emphasising the service elements over the
product elements. In addition to function, the
‘meaning of contents’ is proposed as a driver of user
satisfaction. The service model comprises of four
elements: flow, scope, view and scenario. They
describe a design process to apply the various
elements to service design. One aspect of the system
is an attempt to define various aspects of value
perceived by the service user, such as ‘self respect’
and ‘fun’ (Sakao & Shimomura 2007). The persona
driven approach is often applied to traditional
marketing methods in which user groups are
segmented. The efficacy the persona driven model
in traditional marketing is questionable (use cases,
job- or outcome- driven specifications may be more
appropriate (Ulwick 2005)); so whether this is
appropriate to the development of a service network
is also questionable. Regardless, the method
provides an alternative view on service design with
a strong emphasis on user value.
The key message of PSS design research to date
is that a PSS design methodology is required to
support two key elements: conceptualisation of the
PSS itself and of the supporting business model.
Whilst existing design methodologies and tools are
recognised to have a potential contribution to PSS
design, the overriding message is that they are not
currently adequate. A new approach to design is
required, that is able to effectively support an
integrated system level design of products, services
and enterprise structures.
3. PLM RESEARCH
PLM is broadly applied in industry, to a range of
processes including: requirements definition,
detailed design, manufacturing planning, in-service
management and end of life (Rangan et al., 2005).
It is suggested that domain ontologies could
support the rapid deployment of PLM applications,
as well as improving interoperability (Rangan et al.,
2005). Gao et al suggest that the application of
ontology to PDM and PLM structure can support
the design project, enabling efficient management
of conceptual design knowledge (Gao et al., 2003).
Their proposed method demonstrates how a PDM /
PLM system can play a central role in product
design, manufacture and realisation through links to
manufacturing and ERP software. Whilst the
concept clearly has potential beyond product
development, there is no explicit provision for
system level specification or coordination: the
concept remains product centric.
Weber et al propose a representation to improve
the capability of PDM/PLM systems that
distinguishes between properties (behaviour) and
characteristics (physical attributes) of products,
formalising relationships and their conditions. They
claim that this could significantly improve the
capability of PDM/PLM systems to control and
speed up design activities (Weber et al., 2003).
Whilst it is claimed that ‘properties’ includes a
variety of life cycle elements (e.g. maintenance and
repair properties), it is essentially related to the
physical structure of the product and its
substructures, and not the more holistic ‘delivery
system’. They suggest that the biggest deficit of
current PLM systems is that there is no link to the
characteristics and properties of the product, which
limits the capability to support the whole
development process and leaves CAD as the next
best alternative ‘master system’.
Sudarsan et al describe a product information
modelling framework to support “the full range of
PLM information needs” (Sudarsan et al., 2005).
The framework is based on various standards,
including the NIST core product model, open
assembly model, design analysis integration model
and the product family evolution model. The
intention of the framework is to provide access to
data components via a PLM system, which offers a
detailed level view of the product description and
design rationale. Regarding the adoption of PLM,
they suggest that “For the PLM concept to be
successful, issues such as establishing data
standards and designing corporation-wide
integration architectures need to be addressed so
that formerly fragmented information can be served
up to individuals in a format they can use”
(Sudarsan et al., 2005). Whilst ‘product in use’ is
recognised as part of the life cycle view, the
approach to managing in-use data is not presented.
It is also not clear how such a framework could be
applied to a system design problem, since there are
no clear references to system level design and there
is no link to organisation design.
Kiritsis et al describe the PROMISE project,
which aims to contribute to two key PLM areas: to
support through-life information flow and feedback
(close the product lifecycle information loop); and
to support the transformation of product lifecycle
information to knowledge. Currently, for consumer
products, information flow ends when the product
arrives with the consumer. Service, maintenance
and recycling feedback is not well supported. DFX
scenarios are dependent on these information flows.
The authors recognise that alongside the technology
and data models required to support this feedback,
business models need to be considered within which
their proposals can be applied (Kiritsis et al., 2003).
In extended supply chains and collaborative
design networks, data access and updating between
partners is a major issue. Morris et al developed a
framework to access data from multiple PDM
systems, and to create a central repository. Such
systems could, in the future, be standards compliant
to support integration (Morris et al., 2005).
The application of PLM to life cycle issues
results in a change of requirements for PLM
education: emphasis is on the product development
process rather than the product itself (Rangan et al.,
2005). With the advent of PSS, the systemic
implications of product development processes are
now central aspects of design.
Existing PLM research is addressing the varied
and complex needs of rapid system deployment,
interoperability, integration, synchronisation,
product modelling, through-life information
management and feedback, and others. With
reference to the developing PSS design challenge,
the two key elements being developed during PSS
design are the conceptualisation of the PSS itself
and the supporting business model. Existing PLM
frameworks will cope with varying degrees of
success with system level design challenges. Many
existing products that rely on PLM systems for their
development are already complex systems, so the
challenge is not to design a complex product. The
challenge is to recognise that PSS design has a
much broader scope than product design, and that
the ‘system’ must now incorporate the service
delivery method. To use existing terminology, PSS
design must include both product design and supply
chain design. The authors’ assertion is that existing
PLM models must be extended to take account of
the PSS design challenge, since they are currently
exclusively product focused.
4. PLM STRUCTURE
The intention is to develop a generic data structure
that can be applied to a variety of life cycle design
problems. Since a key challenge in PSS design is
the co-development of products, services and
business models, a product centric structure is not
appropriate: a broader focus is required. A
combination of data structures and methods may be
appropriate. The classes Product, Process and
Resource (PPR) are frequently applied together as
an upper level structure for both product- and
software- development modelling purposes. A
selection of applications will be described here, and
the applicability to PSS design considered.
Maropoulos et al apply the PPR classes to a
manufacturing planning problem: integrating design
and manufacturing (Maropoulos et al., 2002).
Chandra and Kamrani apply the PPR classes to a
knowledge management framework to support
product design in an extended enterprise scenario
(Chandra & Kamrani 2003). In both cases, an
extension required is the detailed descriptions of
various additional processes (design,
manufacturing, maintenance). Huang and Mak
describe the need to integrate PPR in the design
(concurrent engineering) activity (Huang & Mak
1999). Product support, process support and
integration of the two (activities consuming
resources to realise products) are supported by their
web-based DFX tool. In all cases, the application of
PPR classes enables a range of activities and items
to be described for the purpose of product design.
The methods do not appear to support service or
organisation design.
The original application of the three PPR classes
appears to come from computer science. Norman
Fenton made reference to them in his 1991 book
“Software Metrics: A Rigorous Approach”. This is
referenced by a later paper on software
measurement (Fenton 1994). This view has been
adopted in product development modelling,
particularly since the introduction of product data
management (PDM) systems and concurrent
engineering. Concurrent engineering brought about
the need to describe downstream activities
(processes and resources) in order to optimise the
product design. The computer systems used to store
the range of varied data require a structured
description of those various elements in terms that
are easily transferred to a software system.
An upper level model that enables the description
of a combined product and business system is
proposed, as shown in figure 1.
Figure 1: life cycle system structure
The class ‘life cycle system’ indicates that the
system in question represents a combination of
elements to describe any given life cycle activity. It
is comprised of one or more classes, as necessary:
product, process and resource. This enables the
(static) description of product systems, i.e. an
aircraft engine in flight. This example system is
comprised of one or more products (the engines)
plus a variety of supporting processes and
resources: a refuelling supply chain, monitoring
systems, maintenance crews, technical support, and
a variety of others.
The life cycle system structure also enables the
description of organisational systems, i.e. an HR
department. Resource systems can also be
described, i.e. a fully equipped service facility. With
the life cycle system view, any given step in a
product life cycle can be described using common
terms: conception, design, use, maintenance,
disposal, and so on.
5. CASE STUDY
A case study was carried out with a leading
manufacturer of vacuum pumps. This work is taking
place as part of the project ‘Unification of design,
manufacturing capability and service knowledge in
new product development’ at Cranfield University.
The aim of the project is to develop a methodology
to capture, represent and reuse manufacturing
engineering knowledge to support product
development in a collaborative enterprise context.
The developing research area of PSS has led to an
interest in how this work might be extended to
support PSS design.
Figure 2: pump component used in detailed case study
The focus of the project is vacuum pump product
development. An example component from the
vacuum pump investigated in the detailed case
study is shown in figure 2. This headplate
component forms a key element of the product
architecture, performing several system critical
functions. The development of a design knowledge
reuse model supporting the design of this
component is described in previous work (Baxter et
al., 2007a).
Three elements that contribute to collaborative
product development were selected as focal areas:
design, manufacturing and service. The research
work to date has been investigating the knowledge
applied within each of these areas in a product
development context. The particular emphasis of
this work is the application of the developed
knowledge framework to PSS design.
A manufacturing knowledge framework was
developed in earlier work (Baxter et al., 2007b).
This framework made reference to a detailed
knowledge capture exercise, in which
manufacturing engineers described critical tasks. An
analysis of the interview data led to the proposal of
a manufacturing knowledge structure for product
development support. The knowledge framework
was combined with the manufacturing capability
model (Young et al., 2007). An extended version of
that framework is presented in figure 3. The
knowledge structure is product centric, which is
appropriate to a manufacturing view. It takes
account of various product design aspects, since the
purpose of the knowledge framework is product
development support.
Figure 3: Manufacturing knowledge framework
Figure 4: Service knowledge framework
A core component of PSS development is service.
Service knowledge types applied in both product
design and service operations were identified in
earlier work (Doultsinou et al., 2007). Personnel
were interviewed from a range of roles, including
designers, project managers, service centre
managers and service technicians. The interviews
were analysed and a service knowledge framework
was developed, as shown in figure 4.
The manufacturing and service knowledge
frameworks were validated with the company
through a series of interviews and workshops. The
service knowledge structure was presented to the
relevant personnel, and its validity for supporting
the design and service operations discussed and
verified. The manufacturing knowledge framework
was implemented in a knowledge base using
Protégé. The knowledge base was used to build
examples of manufacturing knowledge that could be
applied in product development projects. This
enabled various scenarios to be demonstrated within
a feature based design and manufacturing scenario,
including: implementing a new component into
manufacturing; manufacturing improvement
projects; applying best practice machining methods;
and tolerance definition. The validation of the
knowledge base showed that the different roles
require different presentation of the manufacturing
knowledge. For example, in a manufacturing
engineering scenario a detailed machining process
description in a tabular format could be usefully
applied. The tolerance data required by design
would not be accepted in that same format:
designers would require a visual representation. As
a result, an alternative representation was developed
in the form of a component template drawing. One
of the drawbacks of the Protégé knowledge base is
the inability to deal with hypermedia. A PLM
system, in contrast, is able to record a variety of
media and data types, and maintain relationships
with product structures. Since the relationships are
based on the data objects and not ‘products’ per se,
they can be formed between any logical entities. In
the case of PSS design, relationships between
products and services are required. As identified in
the PSS research, changing business models as a
result of PSS implementation must also be
considered during design.
The proposal for a combined life cycle system
model to support PSS design is shown in figure 5.
Figure 5: PSS design support framework for PLM
The proposed PSS knowledge framework for PLM
support is different from the manufacturing and
service knowledge frameworks in a variety of ways.
The manufacturing framework is product centric:
the master view is the product. Product
requirements, a variety of life cycle views, and a
product architecture breakdown were all attributes
of a product. This product focus is not suitable for a
combined product and service development, since
the service element remains peripheral; attached to a
specific product. Result-oriented PSS business
models are focused on the outcome of the product
service combination. In such a scenario, it may be
more appropriate to include that result as the central
element. As a result, design features, tolerances and
drawings are no longer directly associated with
components. Design features are now associated
with product requirements; distinct from the
architecture. Machining features are now associated
with standards; a subclass of the information
resource class. In practice, tolerances are associated
with the product architecture via the CAD model.
The CAD model is now represented as an
information resource. Product views are now
reflected by the central element: the life cycle
system. Where product focused views may confuse
the description of combined service, disposal or
manufacturing objects the focus on the system
enables all of the associated views to share
information within the life cycle context of a PSS.
The original service knowledge framework is not
product focused, so there are no problems with
sharing data relating to a single service but multiple
products. However, the previous framework is also
not ‘service’ or ‘system’ focused: it is lacking a use
case, such as the design of a product, service, or
PSS. As such, it does not support the definition of
relationships between service knowledge and
products, since ‘product’ is not part of the structure.
Aside from the integration with the product focused
manufacturing framework, various semantic
changes have taken place. ‘Tooling’ has become
merged into the more general ‘equipment’ class.
‘Test procedures’ will now be described using the
more general ‘process’ class, with relationships to
any resources used. Spares (spare parts) are
something of an anomaly. In one sense, spares are
simply components: in the PLM structure, part of
the bill of materials. In another sense, ‘spare’ is a
designation given to a component or group of
components: not all components are available as
spares, and some components are sold as part of a
spares kit. In the combined PSS framework, the bill
of materials should be used to describe spare parts
and spares kits.
The proposed framework enables a description of
any given system within a PSS life cycle, in order to
support PSS design.
6. APPLICATION
The PSS design support framework has been
implemented using the Protégé knowledge base
editor tool. The knowledge base enables the
description of product architecture, components,
requirements, manufacturing processes, service
processes, facilities, and equipment. A detailed case
study has been implemented, describing a vacuum
pump from design, manufacturing and service
perspectives.
An example process, the service process for a
particular vacuum pump, is shown in figure 6.
Figure 6: example service process implemented in the Protégé system
The detailed class structure will not be presented,
since several classes have been added that are
company specific. A top level structure showing
relationships between some of the classes is shown
in figure 7. All subclasses and several top level
classes (including the ‘system’ class), are omitted in
order to reduce the size and complexity of the
diagram. The diagram demonstrates the
relationships that have been created between the
various classes: instance relations between classes.
This is a key mechanism that enables the Protégé
knowledge base to show relationships between
classes. In the process example shown in figure 6,
product, resource and activity are all examples of
instances of other classes. Those instance relations
can be seen in figure 7, for example ‘product-
process’ / ‘process-of-product’.
Figure 7: top level class structure of Protégé implementation
7. FURTHER WORK
The next step in the project is to apply the
knowledge base structure and content to a PLM
implementation. Various future research challenges
exist in applying the PSS structure to a PLM
system, including:
 Translation from a simple knowledge base
object model to a full hypermedia-support
PLM system
 Application of the framework within a PSS
design methodology
 Application of standardisation: reference
model ontology vs. flexible application
 Coordination and management of the model
elements during a design project
A PLM system has a variety of object types,
including a range of hypermedia objects, plus forms
and other data sets, whereas the Protégé system has
a limited range of data types (string, Boolean, etc.).
As such, the translation from one to another requires
various decisions to be taken. It is the intention to
define a set of rules to support this conversion
process.
Applying the system structure to a true PSS
design, rather than the current ‘product plus service’
case study, will bring new challenges. This remains
an area for future research: how well does the
system focused view apply to a practical
implementation of a PSS design project?
PLM practitioners have suggested that a
reference model would support both implementation
and interoperability. In the special case of PSS, an
area for further research is to determine whether
such a reference model is appropriate, and if so at
what level.
Coordination of the model elements during a
design project remains an issue for PLM research: it
is not limited to PSS data structures.
8. CONCLUSIONS
This paper investigated the requirements of PSS
design. These requirements were considered in light
of existing PLM research. The research suggests
that PSS design must include both product design
and supply chain design. Existing PLM models
must be extended to take account of the PSS design
challenge, since they are currently product focused.
A proposal was made in which the central element
of the PLM data architecture is the ‘Life Cycle
System’. This system, it is argued, can be applied to
the co-development of products, services and
business models.
Various challenges remain, however the rapidly
developing PSS research field and its developing
scope in the hands of management science,
manufacturing, and engineering scholars means the
future is bright for PSS.
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